Consider a time-dependent Hamiltonian H ͑ ͑ ͑Q, P; x͑t͒͒ ͒ ͒ with periodic driving x͑t͒ A sin͑Vt͒. It is assumed that the classical dynamics is chaotic, and that its power spectrum extends over some frequency range jvj , v cl . Both classical and quantum-mechanical (QM) linear response theory (LRT) predict a relatively large response for V , v cl , and a relatively small response otherwise, independent of the driving amplitude A. We define a nonperturbative regime in the ͑V, A͒ space, where LRT fails, and demonstrate this failure numerically. For A . A prt , where A prt~h , the system may have a relatively strong response for V . v cl due to QM nonperturbative effect. The wall formula for the calculation of friction in nuclear physics [1] and the Drude formula for the calculation of conductance in mesoscopic physics are just two special results of a much more general formulation of "dissipation theory" [2] [3] [4] [5] . The general formulation of the "dissipation" problem [4] is as follows: Assume a timedependent chaotic Hamiltonian H ͑ ͑ ͑Q, P; x͑t͒͒ ͒ ͒. For x const, the energy is constant of the motion. For nonzero V ϵ ᠨ x the energy distribution evolves, and the average energy increases with time. This effect is known as dissipation. Ohmic dissipation means that the rate of nonconservative energy absorption ("heating") is d͗H ͘͞dt mV 2 , where m is defined as the dissipation coefficient. In case of periodic driving x͑t͒ A sin͑Vt͒, one should replace V 2 by the mean square value 1 2 ͑AV͒ 2 , and the dissipation coefficient m͑V͒ becomes frequency dependent.
The wall formula for the calculation of friction in nuclear physics [1] and the Drude formula for the calculation of conductance in mesoscopic physics are just two special results of a much more general formulation of "dissipation theory" [2] [3] [4] [5] . The general formulation of the "dissipation" problem [4] is as follows: Assume a timedependent chaotic Hamiltonian H ͑ ͑ ͑Q, P; x͑t͒͒ ͒ ͒. For x const, the energy is constant of the motion. For nonzero V ϵ ᠨ x the energy distribution evolves, and the average energy increases with time. This effect is known as dissipation. Ohmic dissipation means that the rate of nonconservative energy absorption ("heating") is d͗H ͘͞dt mV 2 , where m is defined as the dissipation coefficient. In case of periodic driving x͑t͒ A sin͑Vt͒, one should replace V 2 by the mean square value 1 2 ͑AV͒ 2 , and the dissipation coefficient m͑V͒ becomes frequency dependent.
In the case of the wall formula, ͑Q, P͒ is a particle moving inside a chaotic "cavity," and x controls the deformation of the boundary. Ohmic dissipation (in the sense defined above) implies a friction force which is proportional to the velocity, where m is the "friction coefficient," and mV 2 is the heating rate. A mesoscopic realization of such a system would be a quantum dot whose shape is controlled by electric gates. In case of the mesoscopic Drude formula, ͑Q, P͒ is a charged particle moving inside a chaotic "ring," and x is the magnetic flux through the hole in the ring. Ohmic dissipation implies Ohm law, where
x is the electromotive force, m is the conductance, and mV 2 is the heating rate. For a mesoscopic realization of such a system note that ring geometry is not important. One may consider a simple two-dimensional quantum dot driven by a time-dependent homogeneous perpendicular magnetic field [6] .
In the general analysis of the dissipation problem [4, 5] , one argues that due to the driving there is diffusion in energy space. This diffusion process is biased because of its E dependence, leading to a systematic increase of the average energy. This is the reason for having dissipation. Therefore we find convenient from now on to consider the diffusion coefficient D E as the object of our study. The relation between d͗H ͘͞dt and D E constitutes a generalization of the so-called fluctuation-dissipation relation.
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in the case of periodic driving. Such behavior can be established within the framework of classical mechanics [2, 3] using general classical considerations [7] . The classical formulation of the dissipation problem [5] can be regarded as a systematic scheme that justifies the use of classical "linear response theory" (LRT). The precise conditions for the applicability of the classical LRT result are further discussed in [4, 5] , and we are going to mention later what we call "the trivial slowness condition." We are interested in the quantum-mechanical (QM) theory of dissipation. The traditional derivation [8] of QM LRT leads formally to the 0031-9007͞00͞85(23)͞4839(5)$15.00same result as in the classical analysis [5] . Therefore, from now on we no longer distinguish between the "classical" LRT result and the "quantal" LRT results and use just the term "LRT result." As a matter of terminology, it should be noted that the QM formulation of LRT, also known as Kubo-Greenwood formalism, is completely equivalent [5] to the well-known Fermi golden rule (FGR) picture. So let us assume that the obvious classical conditions for the validity of the LRT result are satisfied [9] . Now the question is whether, upon quantization, there are additionalh-dependent conditions for the applicability of the LRT result [9] . In the traditional quantum mechanical literature, as well as in the recent mesoscopic literature, the focus is on the consequences of having finite mean level spacing D. This leads to the identification of the QMadiabatic regime (extremely slow driving) and to the discussion of either the Landau-Zener mechanism [3] or the Debye relaxation absorption mechanism [12] for dissipation, as well as to the discussion of QM resonances. The main observation of [13] is that there is another regime, the nonperturbative regime (see Fig. 1 ), where QM LRT is not valid. As strange as it sounds, this does not imply a failure of the LRT result. On the contrary, another observation of [13] is that the regime where the classical approximation applies is well contained in the nonperturbative regime, hence the LRT result becomes valid again because of quantal-classical correspondence (QCC) considerations. However, if the system does not have a good classical limit [as in random matrix theory (RMT) models] this "recovery" of the LRT result is not guaranteed. Moreover, as discussed later, QCC consideration cannot exclude the possibility of having a relatively large quantal nonperturbative response whenever the LRT result is small in comparison.
The outline of this Letter is as follows: (i) We extend the theoretical considerations of [13] to the case of periodic driving. (ii) We give a specific example where the LRT result fails because of a quantal nonperturbative effect. (iii) We comment on the issue of localization. (iv) We discuss the role of QCC considerations in the theory. Based on the theoretical considerations, the reader should realize that the existence of the nonperturbative regime is not related to having finite mean level spacing D, but rather to having finite bandwidth D b hv cl , where v cl is the dropoff frequency of the LRT response. In the context of mesoscopic physics this bandwidth is known as the Thouless energy.
Given H ͑Q, P; x͒ with x const, we can define a fluctuating quantity F ͑t͒ 2≠H ͞≠x. The autocorrelation function of F ͑t͒ will be denoted by C͑t͒. The power spectrumC͑v͒ is defined as its Fourier transform. The intensity of fluctuations is defined as n C͑0͒, and it is convenient to define the correlation time as t cl C͑0͒͞C͑0͒. We assume for simplicity of presentation that the single time scale t cl completely characterizes the chaotic dynamics of the system: The power spectrum of the chaotic motion is assumed to be continuous, and it is nonvanishing up to the cutoff frequency v cl 2p͞t cl . We assume that C͑v͒ is vanishingly small for v . v cl .
Consider the time-dependent case x͑t͒ A sin͑Vt͒. The LRT result for the diffusion in energy is
and we shall use the notation D 0 1 4 n͑AV͒ 2 . The most transparent QM derivation of this result is based on the FGR picture. The energy levels of the systems are E n , and the mean level spacing is D. The Heisenberg time is t H 2ph͞D. The transitions between levels are determined by the coupling matrix elements ͑≠H ͞≠x͒ nm . It is well known [14] that for reasonably smallh this matrix is a banded matrix. The bandwidth is D b 2ph͞t cl , and the variance of the in-band elements is s 2 n͞t H . It is common to define the QM system using the four parameters ͑D, b, s,h͒, where b D b ͞D. It is also useful to regard the semiclassical relations t cl 2ph͑͞bD͒ and n ͑2ph͞D͒s 2 as definitions whenever the classical limit is not explicitly specified 
levels, while the latter is the parametric change required in order to mix all the levels within the band. Hence we define
The above parametric scales, of time-independent firstorder perturbation theory (FOPT), manifest themselves also in the time-dependent analysis. FOPT gives the following result for the probability P t ͑n j m͒ to make a transition from an initial level m to some other level n,
The total transition probability is p͑t͒ P 0 n P t ͑n j m͒, where the prime implies omission of the n m term. In the regime V , v cl , one obtains
while in the regime V . v cl , one obtains
In both cases for t . t H we have recurrences, and therefore p͑t͒ # p͑t H ͒. (One should be more careful near resonances: There, t H should be replaced by 2ph͞d, where d is the detuning.) The necessary condition for applicability of FOPT at time t is that p͑t 0 ͒ ø 1 for any t 0 , t, which can be written as p͓͑0, t͔͒ ø 1. The necessary condition for the applicability of the FGR picture is p͓͑0, t cl ͔͒ ø 1. This is the FGR condition [5] which guarantees the separation of time scales t cl ø t prt . The FOPT break time t prt is defined as the maximal t for which p͓͑0, t͔͒ , 1. Now we can define a nonperturbative regime by the requirement p͓͑0, t cl ͔͒ . 1. It is straightforward to observe that the nonperturbative regime is contained in the region A . A prt , where
The location of the nonperturbative regime is illustrated in Fig. 1 . For completeness of presentation we have also indicated the subregion in V , v cl where we have firstorder response equal to zero. The condition is p͓͑0,`͔͒ ø 1 or, equivalently, p͑t H ͒ ø 1. This region contains the QM adiabatic regime, including the region A , A c , but excluding the narrow stripes of resonances.
We have defined the location of the nonperturbative regime, but we have not yet suggested how Eq. (1) should be modified. Using RMT assumptions with regard to ͑≠H ͞≠x͒ nm , and inspired by related studies of wave packet dynamics [15] , we expect the result
where y PR V ͑͞dx prt ͞t cl ͒, and C is a numerical constant. A detailed derivation of (5) will be presented in the future. (The crucial step is to argue that at t prt there is a crossover from ballistic behavior to diffusion in the sense of [5] .) For periodic driving this result should be averaged over a period leading to D E~A 22a with a 1͞2. We wanted to give a numerical example that demonstrates the nonperturbative response effect. Evidently, the simplest is to consider a time-dependent version of Wigner's banded random matrix (WBRM) model,
where E 0 is an ordered diagonal matrix, and B is a banded matrix. This model [16, 17] is characterized by the parameters ͑D, b, s,h͒ which we have defined previously. For the numerical experiment we have assumed a rectangular band profile such that all of the elements 0 , jn 2 mj # b are taken from the same distribution, and outside the band all of the elements are identically zero. The results of the simulations are summarized in Fig. 2 . It should be realized that WBRM model Eq. (6) has a big disadvantage. Namely, unlike the physical examples of the introduction, the statistical properties of the model are not invariant for x͑t͒ ‫ۋ‬ x͑t͒ 1 const. One may wonder why we do not use one of the two other popular variations of the Wigner model [10, 11] , e.g., H E 1 ͑cosx͒B 1 1 ͑sinx͒B 2 . The problem is that, for these models, one obtains dx prt ϳ dx cl c ϳ 2p. Therefore there is no regime where LRT fails because of quantal nonperturbative effect [9] . (Such failure requires the generic separation of scales dx prt ø dx cl c .) Thus it seems that the only way to make a RMT model x-invariant, is to keep it "perturbative" in nature. The lack of x-invariance in the standard WBRM model complicates the calculation of the period-averaged D E and leads to D E~A 22a with a changing gradually from 1͞2 to 1. The numerical analysis of Fig. 2b fits well to a ϳ 3͞4.
There are two types of localization effects that we had to consider in our numerical experiments. The "WBRM model localization" can be avoided by using amplitudes A , b 3͞2 ͑D͞s͒ in order to guarantee that the instantaneous eigenstates of Eq. (6) are not localized at any time. The "dynamical localization effect," on the other hand, cannot be avoided. It is associated with the periodic nature of the driving. By extending standard argumentation, one observes that the eigenstates of the (one period) Floquet operator have localization length j 3 D, and that the associated break time is t ‫ء‬ j 3 ͑2p͞V͒. The two The purpose of the horizontal scaling is to demonstrate that A prt rather than A c is responsible for the deviation from this LRT expectation. Each "point" in the above plots is determined by a simulation that involves typically 35 realizations of the evolution until we start to see saturation due to dynamical localization effect. The typical time step is dt 10 24 . In each step we verify that the normalization is preserved to an accuracy of 0.01%. In order to eliminate finite size effects we have used a selfexpanding algorithm. Namely, additional 10b sites are added to each edge whenever the probability in the edge sites exceeds 10 215 . The diffusion coefficient is determined from the fitting dE͑t͒ 2 const 3 t b . For subdiffusive behavior ͑b , 0.86͒ we set D E 0. The preparation of each point in the above plots requires ϳ4 CPU days on Alpha XP1000 machine. must be related by 2D E t ‫ء‬ ͑jD͒ 2 leading (in the LRT regime) to the result t ‫ء‬ 2p 2 ͑A͞A c ͒ 2 3 t H . In all of our numerical experiments the diffusion has been determined for times where dynamical localization is not yet apparent. Another possibility, which we have not used, is to add a small noisy component to the driving, such as to mimic the typical experimental situation of having dephasing time much shorter than t ‫ء‬ . It is not obvious that the nonperturbative behavior that is implied by RMT assumptions, and applies to RMT models, should apply also to Hamiltonians that possess a well defined classical limit. On the contrary, the same considerations as in [15] can be applied in order to argue that RMT considerations are not compatible with the QCC principle. Here we are going to explain the main idea, and define our expectations.
Takingh to be very small, it is obvious that eventually we shall find ourselves in the regime where A ¿ A prt . Let us consider the dynamics during a specified time interval 0 , t 0 , t. The time t is chosen to be much larger than t cl . On the basis of QCC considerations, we should be able to makeh sufficiently small such that the quantum evolution becomes similar to the classical evolution up to the time t. The classical analysis implies that during this time the stochastic behavior is established. Therefore having detailed QCC during the time t implies that the quantal D E can be approximated by the classical result. This leads to a contradiction with the RMT prediction Eq. (5) in the domain V , v cl , but not in the domain V . v cl . We are going to further explain this last point. Denote the energy dispersion by dE qm ͑t͒ and the corresponding classical result by dE cl ͑t͒. For sufficiently small h it should be possible to make a leading order approximation dE qm ͑t͒ ഠ dE cl ͑t͒ 1h g g͑t͒, with g . 0. In the V , v cl regime the first term in this approximation is dominant. On the other hand, for V . v cl the first term gives a vanishingly small result for D E . Therefore, without any contradiction with QCC considerations, the second term becomes important. Therefore we may have, in principle, an enhanced quantal response for V . v cl .
In conclusion, we have defined a nonperturbative regime in the ͑V, A͒ plane, where LRT cannot be trusted. We have demonstrated an actual failure of LRT for a particular (RMT) Hamiltonian. We believe that for generic chaotic systems the RMT mechanism for diffusion competes with the classical mechanism. The actual response of the system is expected to be determined by the predominant mechanism. The study of this conjecture is the theme of our future studies.
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